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Introduction
Understanding the principles orchestrating the assembly of complex brain circuits is a fundamental goal in developmental neuroscience. In the cerebral cortex, neuronal circuits are composed of excitatory glutamatergic principal neurons and inhibitory gamma-amino-butyric acid (GABA)-expressing interneurons. The inhibitory action of GABAergic interneurons controlling the excitatory responses of principal cells is a prerequisite for cortical information processing (Lehmann et al. 2012; Kepecs and Fishell 2014; Southwell et al. 2014) . Alterations in cortical interneuron number and composition contribute to the pathophysiology of diverse neurologic and psychiatric diseases (Marin 2013) . Hence, decoding the regulatory events that drive the generation and maturation of cortical interneurons may help to develop cell replacement strategies (Lopez-Bendito and Arlotta 2012; Southwell et al. 2014) .
DNA methylation by DNA methyltransferases (DNMTs) is a key regulatory epigenetic mechanism controlling gene expression during development, aging, and disease (Hirabayashi and Gotoh 2010; Adefuin et al. 2014) . Deregulated Dnmt1 expression and DNMT1 activity in cortical GABAergic interneurons have been implicated in the pathophysiology of psychiatric diseases (Saradalekshmi et al. 2014; Benes 2015; Dong et al. 2015 ). This appears, at least in part, to be linked to developmental defects since prenatally induced changes in the Dnmt1 expression level in murine GABAergic interneurons elicit schizophrenia-like phenotypes in the mouse (Matrisciano et al. 2013) .
In contrast to principal neurons, which arise from the cortical proliferative zones and perform radial migration (Metin et al. 2008; Franco and Muller 2013; Geschwind and Rakic 2013) , tangentially migrating GABAergic cortical interneurons derive from heterogenous progenitors of subpallial domains, including the medial and caudal ganglionic eminences (MGE and CGE, respectively) as well as the preoptic area (POA; Flames et al. 2007; Corbin and Butt 2011; Marin 2013; Brandao and RomcyPereira 2015) . This is similar in humans and nonhuman primates, although there is evidence for an additional dorsal proliferative niche in the ventricular and outer subventricular zone of the cerebral cortex in these species, which are suggested to arise within in the course of cortical evolution and the associated cortical expansion (Radonjic et al. 2014) .
The subpallial proliferative niches contemporaneously generate an enormous variety of cell types that populate many different telencephalic regions, hampering the analysis of subtype-specific maturation programs. In addition to cortical interneurons, the MGE gives rise to striatal (Fragkouli et al. 2009 ) and pallidal GABAergic neurons (Xu et al. 2008; Flandin et al. 2010) . The POA further generates striatal as well as amygdala derivatives, and sustains itself by producing residual POA neurons (Marin et al. 2000; Gelman et al. 2009; Hirata et al. 2009 ).
Newborn cortical interneurons adopt a migratory morphology Cooper 2013 ) that enables long-range tangential migration along defined routes through the basal telencephalon to the cortex (Antypa et al. 2011; Zimmer et al. 2011) . Within the cortex, they spread tangentially across different areas before radially invading their target layers and establishing synaptic contacts (Tanaka and Nakajima 2012; Rakic et al. 2015) . The distinct steps and extended period of cortical interneuron maturation underline the relevance of postmitotic regulatory mechanisms, which control initiation, motility, directionality, and termination of interneuron migration. This is endorsed by clonal analyses, suggesting that the migratory mechanisms related to the organization of interneurons within the cortex are to a large extent independent of their clonal origin (Harwell et al. 2015; Mayer et al. 2015) . Even region-specific migration can be altered at postmitotic stages (McKinsey et al. 2013; van den Berghe et al. 2013 ) and electrical activity influences the migration of cortical interneurons (Bortone and Polleux 2009; De Marco Garcia et al. 2011) .
One crucial question is how the adoption and maintenance of the migratory shape and capacity of postmitotic cortical interneurons are achieved to enable long-range migration.
Here, we applied a combinatorial approach of single-cell transcriptomics, functional in vitro studies, and the validation in transgenic mouse models to show that DNMT1 is involved in the regulation of interneuron migration. We provide evidence for a role of DNMT1-mediated repression of Pak6, a member of the family of p21-activated kinases (PAKs) promoting neurite outgrowth of postmigratory cells (Civiero et al. 2015) , in preventing premature differentiation of POA-derived migrating cortical interneurons.
Materials and Methods

Animals
The following mouse strains were used: C57BL/6 wild-type mice and transgenic mice on the C57BL/6 background including Hmx3-Cre/tdTomato/Dnmt1 wild-type as well as Hmx3-Cre/ tdTomato/Dnmt1 loxP 2 mice. The transgenic mice were established by crossing the Hmx3-Cre line (obtained from Oscar Marin, King's College, London, UK and described in Gelman et al. 2009 ) with the tdTomato transgenic reporter mice (obtained from Christian Hübner, University Hospital Jena, Germany and described in Madisen et al. 2010 ) and Dnmt1 LoxP 2 mice (B6;129Sv-Dnmt1 tm4Jae /J, Jaenisch laboratory, Whitehead Institute, USA). The Dnmt1 LoxP 2 mice have LoxP sites flanking exons 4 and 5 of the Dnmt1 gene. Cre-mediated deletion leads to out-of-frame splicing from exon 3 to exon 6, resulting in a null Dnmt1 allele (Jackson-Grusby et al. 2001) . Transgenic mice are abbreviated as Dnmt1 WT and Dnmt1 KO in the figures. Additional information about the genotyping is available in the Supplementary Material and Methods. All animal procedures were performed in strict compliance with the EU directives 86/609/EWG and 2007/526/EG guidelines for animal experiments and were approved by the local government (Thueringer Landesamt, Bad Langensalza, Germany). Animals were housed under 12-h light/dark conditions with ad libitum access to food and water.
Brains, Tissue, and Cell Preparation
Mice were deeply anesthetized intraperitoneally with 10% chloral hydrate in phosphate-buffered saline (PBS; pH 7.4). Embryos of anesthetized timed pregnant dams were prepared as described in Zimmer et al. (2011) . For in situ hybridization experiments, freshly prepared brains were immediately frozen in liquid nitrogen and stored at −80°C. For immunohistochemistry, brains were fixed in 4% paraformaldehyde (PFA) in PBS (pH 7.4) for 5 h or overnight at room temperature for E16 and P0 brains, respectively. Cryoprotection with 10% and 30% sucrose in PBS overnight was applied before freezing in liquid nitrogen and storage at −80°C. Dissociated POA-and MGE-derived single cells for primary culture and single-cell transcriptome analysis were prepared from POA and MGE explants dissected from E14 or E16 coronal living brain sections (300 µm) according to Zimmer et al. (2011) . Briefly, embryonic brains were prepared in Krebs buffer (126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH 2 PO 4 , 1.2 mM MgCl 2 , 2.1 mM CaCl 2 , 10mM D-glucose, 12.5 mM NaHCO 3 ), embedded in 4% low-melt agarose (Carl Roth) at 37°C for coronal sectioning with a vibratome at 4°C. POA and MGE explants were collected in ice-cold Hanks balanced salt solution (HBSS; Invitrogen) supplemented with 0.65% glucose. After incubation with 0.025% trypsin (Invitrogen) in HBSS for 17 min at 37°C, cells were dissociated by trituration and filtering through nylon gauze. Dissociated neurons were either used for single-cell isolation or plated at coverslips coated with 19 µg/mL laminin (Sigma-Aldrich) and 5 g/mL poly-L-lysine (SigmaAldrich) at a density of 300 cells/mm 2 in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invitrogen), 100 U/mL penicillin, 100 g/mL streptomycin, 0.065% glucose and 0.4 mm L-glutamine. After incubation at 37°C, 5% CO 2 in a humid atmosphere for 1-2 days in vitro (div) cells were fixed in 4% PFA in PBS for 5 min at room temperature. For FACS-mediated enrichment of tdTomato cells at E16, the whole basal telencephalon of living brains was subjected to cell dissociation, while at P0 only tissue from the cortical walls prepared from coronal brain sections was used. Dissociation occurred as described above. Cells were washed with HBSS supplemented with 0.65% glucose prior to FACS. ; 1% FBS) before transfer in a maximum volume of 0.5 µL to a PCR vial containing 4.5 μL lysis and first-strand buffer (50 mM Tris-HCI [pH 8.3]; 75 mM KCI; 3 mM MgCl 2 ; 1 mM DTT; 0.5% [v/v] Igepal CA-630; 100 µg/mL acetylated BSA; SigmaAldrich); 10 µM each of dATP, dCTP, dGTP, and dTTP; 3.5 nM SR-T 24 Primer (5′-GTTAACTCGAGAATTCT 24 -3′); 0.04 U/µL RiboLock RNase inhibitor (Fermentas); 0.03 U/µL SuperaseIn RNase inhibitor (Thermo Fisher Scientific) followed by subsequent freezing in liquid nitrogen. To circumvent shifts in representation or loss of low abundant transcripts during amplification due to differing RNA length distribution and base compositions, the applied protocol for global cDNA synthesis and amplification is based on limited reverse transcription prior to exponential amplification as initially introduced by Brady and Iscove (1993) with some modifications.
Briefly, cell lysis was performed at 65°C for 90 s followed by reverse transcription at 42°C for 15 min (100 U M-MuLV reverse trancriptase; RevertAid H Minus, Fermentas). After heat inactivation (10 min, 70°C), RNase H (5 U, New England Biolabs) and 9 mM MgCl 2 were added and incubated for 15 min at 37°C, followed by cDNA denaturation for 2 min at 95°C. 5′-End tailing was performed in 5 mM potassium-phosphate buffer (pH 7.0) containing 750 µM dATP and 10 U terminal transferase (New England Biolabs) for 15 min at 37°C. After heat inactivation (65°C, 10 min), samples were cooled to 4°C, split in triplicates and amplified after adding PCR1 mix (67 mM Tris-HCI [pH 8.8], 16 mM (NH 4 ) 2 SO 4 , 0.01% Tween 20, 1.5 mM MgCI 2 , 200 μM je dNTP, 10 μM SR-T 24 primer) with 2.5 U HotStart Taq-DNA polymerase (Genaxxon Bioscience) and 0.05 U HotStart Pfu Turbo DNA Polymerase (Agilent Technologies) in a total volume of 25 μL. First, second-strand synthesis was performed (95°C, 2 min; 52°C, 2 min; 72°C, 2 min) prior to 35 cycles of amplification (94°C, 45 s; 60°C, 1 min; 72°C, 1 min). For the optional second round of PCR (PCR2), 0.4 µL of PCR1 product was re-amplified for 30 additional cycles (95°C, 2 min; 30× [94°C, 45 s; 60°C, 1 min; 72°C, 2 min]; 72°C, 10 min) using 49.6 µL PCR2 mix, equal to PCR1 mix except a lower concentration of 2.5 µM SR-T 24 primer and containing 5 U HotStart Taq-DNA polymerase (Genaxxon Bioscience) and 0.1 U HotStart Pfu Turbo DNA Polymerase (Agilent Technologies).
In addition to single-cell lysates, whole-tissue RNA dilutions (50 pg) from E14/E16 MGE and POA were subjected to global cDNA synthesis and exponential amplification. Serial dilutions of tissue RNA samples were performed in triplicates and pooled before the next dilution step to minimize artefacts (as illustrated in Fig. 1A ).
NanoString Hybridization, Data Processing, and Analysis
Due to the range of fragment sizes of the generated cDNA libraries (486 ± 18 bp; n = 37), determined by capillary gel electrophoresis (Bioanalyzer, Agilent Technologies, Inc.), transcript-specific probes were directed against regions within a maximum range of 500-600 bp from the 3′end. Probe position and isoform coverage are summarized in Supplementary Table 2A-C. Five microliters of amplified cDNA material from single cells were applied and subjected to denaturation (95°C, 5 min) prior to hybridization. Further sample processing was performed automatically by the NanoString nCounter PrepStation.
The NanoString nCounter data were preprocessed in 4 steps (probe-level background correction, code-count normalization, sample content normalization and concentration prediction). The nSolver software (v2.0, NanoString Inc.) was applied to normalize results against internal controls. To reduce stochastic noise, a threshold of at minimum 50 counts was applied for the principal component analysis (PCA) and differential gene expression analysis.
The PCA was performed on log 2 -transformed normalized data using R-package FactoMineR (ver. 1.31.4; Lê et al. 2008) followed by agglomerative hierarchical clustering using Ward's method on an Euclidean metric. In addition, gene clustering was performed with Ward's method on Manhattan metric. Statistics for differential gene expression between a specific cluster and the remaining cells was obtained using R-package NanoStringNorm (vers. 1.1.19; Waggott et al. 2012 ) on normalized NanoString counts. Pearson correlation coefficients for single-cell expression data were calculated based on log 2 -transformed normalized NanoString counts.
In Situ Hybridization, Immunohistochemistry, and Immunocytochemistry
For in situ hybridizations, embryonic brains were cryosectioned coronally at −20°C (20 µm). In situ hybridizations were performed as described by Zimmer et al. (2011) using digoxigenin-labeled riboprobes. Following primers were used to generate the riboprobes: forw. TTCCTGTGCAGAAGGCAAG and rev. CACCTGCCGGTGTCTGTC for Dnmt1 (ENSMUSG000000040 99), forw. GCCTCCTCTTGACTTTGCTT and rev. GCAGCTATGTG TACAGTCGC for Tcf4 (ENSMUSG00000053477), forw. CGCTCCC For immunohistochemistry in fixed embryonic brains, 20 µm coronal cryosections were performed at −20°C. For immunohistochemistry in adult brain sections, 30 µm free-floating sagittal sections were performed using a sliding microtome. Sections were washed in 1× PBS/0.2% Triton X-100 and for free-floating sections an antigen retrieval occurred for 20 min at 90°C in 10 mM citrate buffer with 0.05% Tween 20 (pH 6.0), prior to blocking with 10% normal goat serum, 4% bovine serum albumine in 1× PBS/0.2% Triton X-100 for 1 h. In addition, HCl treatment was performed for DNMT1 immunostaining (10 min at 4°C in 1 N HCl, 10 min at RT in 2 N HCl, 20 min at 37°C in 2 N HCl followed by neutralization in 10 mM borate buffer (pH 8.8) for 12 min at RT).
Primary antibodies were applied overnight for cryosections and over 2 nights for free-floating sections. After washing in 1×PBS/Triton X-100, the secondary antibody was applied for 2 h. After nuclei staining with DAPI (100 ng/mL in 1×PBS; Molecular Probes) for 5 min, sections were embedded in Mowiol (Carl Roth). For immunocytochemistry on dissociated cells, fixation and blocking occurred for 5 and 30 min, respectively, and 1×PBS/0.1% Triton X-100 was used as washing solution. Primary antibodies were applied for 2 h, secondary antibodies for 45 min, and DAPI staining was performed for 2 min. If not annotated differently, all steps were performed at room temperature. Following primary antibodies were used: rabbit anti-NPY (Immunostar, 1:1000), rabbit anti-DNMT1 (Santa Cruz Biotechnology, 1:100), mouse anti-RFP (Thermo Fisher Scientific, 1:500), rabbit anti-TUBB3 (β3Tubulin, Sigma; 1:500), and rabbit anti-calbindin (Swant, Swiss, 1:500). Following secondary antibodies were applied: goat Cy5 anti-rabbit (Thermo Fisher Scientific, 1:1000), goat Cy5 antimouse (Thermo Fisher Scientific, 1:1000), donkey DyLight488 anti-rabbit (Jackson ImmunoResearch, 1:1000).
Transfection of Primary Neuronal Cultures with siRNA Oligos
For siRNA transfections of dissociated embryonic POA cells of C57BL/6 wild-type mice and Hmx3-Cre/tdTomato/Dnmt1 loxP 2 embryos, reverse lipofection with Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's protocol and as described in Zimmer et al. (2011) was applied. Mouse Pak6 siRNA oligos (50 nM), containing a pool of 3 target-specific 20-25-nt siRNAs to knock down gene expression (Pak6 siRNA sc-44879; Santa Cruz Biotechnology), or 50 nM control siRNA (BLOCK-iT Alexa Fluor red fluorescent oligo; Invitrogen) was applied for 5 h in antibiotic-free Opti-MEM I Reduced Serum Medium (Thermo Fisher Scientific) at 37°C, 95% H 2 O and 5% CO 2 . Then, neuronal cultures were incubated in DMEM/F12, 10% FBS, 100 U/mL penicillin, 100 g/mL streptomycin for 24 h at 37°C, 95% H 2 O and 5% CO 2 for neurite outgrowth.
Organotypic Slice Cultures and Live-Cell Imaging
The migratory dynamics of tdTomato reporter-labeled cells in organotypic slice cultures of Hmx3-Cre/tdTomato/Dnmt1 loxP 2 and Hmx3-Cre/tdTomato/Dnmt1 wild-type mouse brains, prepared according to Zimmer et al. (2011) , were captured using an inverted Axio Cellobserver Z1 fluorescence microscope equipped with an apotome (Zeiss). The chamber was heated to 37°C. Slices were placed on petriperm dishes coated with collagen (Thermo Fisher Scientific), and 25 mM HEPES (Invitrogen) was applied to the culture medium composed of serum-free Neurobasal medium (Invitrogen) containing 2% B27 supplement (Invitrogen), 100 U/mL penicillin, 100 µg/mL streptomycin (Invitrogen), and 0.5% D-glucose (Sigma-Aldrich). Sections were imaged for 15 h. For analysis of migratory morphology, living brain vibratome sections were fixed immediately after preparation for 30 min with 4% PFA in PBS and embedded with Mowiol.
FACS Enrichment of tdTomato Cells
Cell suspensions subjected to FACS were prepared from the basal telencephalon of E16 embryos or from the neocortex of newborn pups (P0) as described above. Following the addition of DAPI, cells were sorted using an ARIA III FACS sorter (BD Biosciences) with the maximal flow rate of 6. The tdTomato reporter was excited by a 561-nm yellow/green solid-state laser and emission signal was detected in a range of 579-593 nm. According to their FCS/SSC criteria followed by cell doublet exclusion via an FSC-H versus FSC-W criterium, DAPI-negative living cells were sorted based on a distinctive tdTomato signal. Cells of interest were collected in DMEM/F12, 10% FBS, 100 U/mL penicillin, 100 g/mL streptomycin at 4°C and pelleted by centrifugation. Enriched tdTomato cells prepared from the E16 basal telencephalon were split for each brain to prepare RNA for RNA sequencing or quantitative reverse transcription PCR (qRT-PCR), and DNA for methylation-specific DNA immunoprecipitation (MeDIP) sequencing in parallel from the same set of sample. Cortical tdTomato cells of P0 pups were only used for qRT-PCR. For RNA isolation, pellets were dissolved in 500 µL Trizol Reagent (Life Technologies) and subsequential frozen on dry ice. For MeDIP-Seq analysis, cell pellets were frozen at −80°C until further use.
RNA/DNA Isolation of Tissue and FAC-Sorted Cells
E14 or E16 POA and MGE explants were dissected from coronal living brain sections (300 µm) according to Zimmer et al. (2011) , collected in ice-cold HBSS supplemented with 0.65% glucose and pelleted (5 min, 70 × g, 4°C). For RNA sequencing, the tissue was then subjected to standard RNA isolation procedure using Trizol Reagent (Life Technologies), digested with RNase-free DNase (Qiagen) and checked for integrity by capillary gel electrophoresis (Bioanalyzer, Agilent Technologies, Inc.). The FACS-enriched tdTomato cells were processed accordingly, with additional application of GlycoBlue (Thermo Fisher Scientific) to a final concentration of 0.2% during RNA precipitation for better visualization of the pellet. DNA isolation of FACS-enriched tdTomato cells was performed using QIAamp DNA Micro Kit (Qiagen) according to manufacturer's instruction.
Methylation Analysis of FACS-Enriched tdTomato Cells
For genome-wide methylation analysis, we applied immunoprecipitation methods for the enrichment of 5-methylcytosines. Specifically, 100 ng of genomic DNA was used as starting material. The Methylated-DNA IP Kit from Zymo (Cat. No. D5101) was applied according to manufacturer's instructions. The product of the IP and control reaction was then used for preparation of Illumina compatible libraries according to the TruSeq Nano DNA Library Prep . Libraries were sequenced on a HiSeq 2000 yielding 50 bp single end reads. The sequencing reads were demultiplexed using the Illumina CASAVA tool and sequence quality was checked using FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The reads were then aligned to the genome of Mus musculus (mm10) using Bowtie 2 (versions 2.0.2) with standard parameters. Differentially methylated regions were identified using the MEDIPS package for R (version 1.16.0; Lienhard et al. 2014 ) with a window size of 700 bp and a minimum coverage of 5% of the window length. A detailed description of the analysis pipeline can be found in Halder et al. (2016) .
Gene Ontology term enrichment analysis was performed for genes that were assigned to differentially methylated regions between wild-type and knockout samples. Results of gene ontology (GO) enrichment analysis were visualized in a bar diagram including the respective Benjamini-Hochberg corrected P value.
Treatment and Culture Conditions of Neuro-2a cells
Neuro-2a cells (N2a) were cultured in high-glucose DMEM supplemented with 100 U/mL penicillin, 100 g/mL streptomycin, and 10% FBS at 37°C, 95% H 2 O, and 5% CO 2 . Prior to RNA isolation, cells were seeded 24 h before inhibitor treatment, siRNA or plasmid transfection in 6-well plates at a density of 2.5 × 10 5 cells per well.
To determine DNA methylation-dependent changes in gene expression, N2a cells were treated with the specific inhibitor RG108 (2-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)-3-(1H-indol-3-yl) propanoic acid; 4 µM, Abcam) or 0.04% DMSO in culture medium (as the inhibitor was dissolved in DMSO) for 48 h followed by standard RNA isolation procedure using Trizol Reagent (Life Technologies).
For siRNA transfection of N2a cells, reverse lipofection with Lipofectamin 2000 (Thermo Fisher Scientific) was performed with 50 nM control siRNA (BLOCK-iT Alexa Fluor red fluorescent oligo, 465318; Invitrogen), Dnmt1 or Pak6 siRNA (Pak6 siRNA sc-44879; Dnmt1 siRNA sc-35203; Santa Cruz Biotechnology) for 5 h in Opti-MEM I Reduced Serum Medium (Thermo Fisher Scientific). Cells were then cultured for 24 h at 37°C, 95% H 2 O, and 5% CO 2 .
Quantitative Reverse Transcription PCR
RNA was used in a one-step qRT-PCR using SuperScript III Platinum SYBR Green One-Step qRT-PCR Kit (Invitrogen) with the following primer sequences (indicated as 5′ → 3′): Dnmt1 forw. TGAGCATCGATGAGGAGATG, rev. CGCATGGAACATCA TCTGAC; Pak6 forw. CTGTACGCTACTGAGGTGGA, rev. GTACCA GCATCCGATCCAGG; Ets1 forw. GACCCTCTCCAGACAGACAC, rev. GCGGTCACAACTATCGTAGC; Rps29 forw. GAAGTTCGGCCA GGGTTCC, rev. GAAGCCTATGTCCTTCGCGT; and Actb forw. AG AGGGAAATCGTGCGTGAC, rev. CAATAGTGATGACCTGGCCGT. Obtained data analyses were normalized to Rps29 and ActB. Results were analyzed via the ΔΔCt method.
Microscopy, Live-Cell Imaging, and Image Analysis
Images were taken with a confocal laser scanning microscope TCS SP5 (Leica Microsystems) or an inverted Axio Cellobserver Z1 fluorescence microscope equipped with an apotome, MosaiX module, and heating chamber. Photographs were analyzed using ImageJ software. Detailed information of image acquisition, processing, and analysis is provided in the Supplementary Material and Methods.
Results
NanoString-Based Single-Cell Profiling Highlights Distinct Cellular Subtypes of Interneuron-Generating Domains
An important step during postmitotic cortical interneuron development is the induction and maintenance of the migratory morphology. To identify potential key players involved in this process, we performed comparative single-cell transcriptome analysis of cellular subsets originating in the POA, as they include both migratory active cortical and striatal interneurons and residual neurons differentiating on site in the mantle of the POA (Marin et al. 2000; Gelman et al. 2009 ). Single-cell resolution permits the discrimination of different cellular subsets and highlights cell type-specific transcripts. We chose a sensitive PCR-and NanoString-based approach capable of detecting quantitative differences in transcript representation for RNA copy numbers down to 10 ( Supplementary Fig. 1B ). For representative, global amplification of single-cell mRNA pools, we applied a modified protocol for limited reverse transcription prior to exponential amplification based on a strategy initially developed by Brady and Iscove (1993) , in order to reduce transcript length-dependent shifts in amplification efficiencies. Due to its favorable properties in regard to sensitivity, simple sample preparation as well as straightforward analysis, the NanoString platform was applied for both methodological validation and single-cell profiling (Fig. 1, Supplementary Fig. 1 ).
To verify the representative amplification after limited reverse transcription, we quantitatively compared transcript levels of native RNA prepared from the embryonic POA and MGE domain (E14/E16) with amplified cDNAs derived from single-cell equivalent dilutions of the native RNA (Fig. 1A,  Supplementary Fig. 1B) . Additionally, expression levels of transcripts in single-cell libraries were comparatively analyzed after 35 and 65 cycles of amplification, displaying a significant correlation ( Supplementary Fig. 1C ).
For the single-cell profiling, a custom-designed NanoString code set was applied ( Fig. 1B; Supplementary Table 2C ). In addition to probes against transcripts enriched in embryonic POA tissue with potential relevance for interneuron development as revealed by RNA sequencing, probes against known pallial markers were included in the code set for analysis (Puelles et al. 2000) . As internal control for our analytical strategy, MGE cells were included in our analysis, for which the code set also contained probes against known MGE marker transcripts (Lavdas et al. 1999; Xu et al. 2004; Cobos et al. 2006; Zhao et al. 2008; Zimmer et al. 2011; McKinsey et al. 2013 ) as well as some other transcripts identified as enriched in embryonic MGE tissue by RNA sequencing (Supplementary Table 1B) .
The PCA-based hierarchical gene and cell clustering of overall 92 isolated POA (n = 71) and MGE (n = 21) cells for 96 genes revealed 6 major groups (Fig. 1B) . Cells isolated from the MGE mainly clustered in groups II and III (filled circle symbols in Fig. 1B ). Cells obtained from the POA fell into groups IV-VI (unlabeled and diamond symbol labeled cells in Fig. 1B) , while group I comprised cells from both domains.
The segregation of MGE from POA cells was mainly determined by the PC1 (Fig. 2A) , while higher principal components (PCs) defined subsets of MGE and POA cell types (Fig. 2C,E) . The most informative genes contributing to each PC are depicted in Figure 2B ,D,F. Most of the genes determining the segregation of POA-versus MGE-derived cells displayed a negative correlation supporting subtype-specific expression ( Supplementary Fig. 1D ). Based on the obtained cluster affiliation, differential gene expression analysis was performed to identify the distinct groups, unveiling known and new marker genes. Group I included apical progenitors due to significant expression of Nes and Gapdh (Figs 1 and 2A ,B, Supplementary Fig. 1D ; Goldsworthy et al. 1993; Barbini et al. 2007) , which strongly demarcated the proliferative zones of the entire telencephalon including the POA and MGE (Fig. 3G ). Due to the shared expression of these prominent marker transcripts, group I comprised progenitors of POA as well as MGE cells, which segregated into distinct subclusters (Fig. 1B) . Group II, predominantly composed of MGEderived cells (Fig. 1B) , was characterized by high levels of progenitor-associated marker transcripts (Gapdh, Nkx2-1, and Mki67). Moreover, prominent expression of Glcci1, Abracl, and Tcf4 defined cluster II identity, which was detected in the subventricular zone of the MGE (Fig. 3B,G,H) . This points to basally dividing progenitors described for the MGE (Petros et al. 2015) . In turn, group III cells represented postmitotic MGE-derived interneurons based on significant expression of Gad1, Lhx6, v-Maf, and EphA4 (Zhao et al. 2008; McKinsey et al. 2013 ). These cells were further characterized by significant expression level of Tcf4 (Fig. 3C,G) , indicating that Tcf4 is expressed by basal progenitors as well as by postmitotic MGE derivatives. In support of this, Tcf4 positively correlated with both cluster II marker transcripts (Nkx2-1, Mki67, Glcci1) and EphA4, which was strongly expressed by cluster III cells of the MGE pool ( Supplementary Fig. 1E) .
Collectively, the results of the single-cell analysis presented thus far discriminated MGE from POA cells, consistent with their sites of origin. In addition, our data confirmed known subsets of MGE-derived cells, emphasizing the validity of the NanoString-based single-cell profiling strategy.
Single-Cell Profiling of POA-Derived Embryonic Cells Identified Potential Regulators of Postmitotic Interneuron Maturation
The majority of cells deriving from POA preparations were grouped in clusters IV-VI (Fig. 1B) . Due to significant Tbr1 and Nrn1 expression levels, which were predominantly evident in the pallium (Fig. 3D,J) , group IV contained cells of pallial origin. Consistently, Tbr1-positive pallial neurons invade the mantle of the basal telencephalon at embryonic stages (Puelles et al. 2000) , and hence were evident in our POA preparations. Tbr1 positively correlated with Nrn1, while both transcripts negatively correlated with Gad1 and Gad2, which are subpallial markers ( Supplementary Fig. 1F ). Cluster V was found to represent postmitotic GABAergic POA-derived interneurons because of prominent Tubb3, Gad1, and Gad2 transcript counts (Fig. 3E,K) and the integration of Hmx3-Cre/tdTomato cells (22 of 24 cells, symbolized by diamonds in Fig. 1B ). Hmx3 has been described to be restricted to postmitotic POA cells in the telencephalon (Gelman et al. 2009 ). Moreover, we observed significant expression of Ccdc184, a gene of unknown function, and Pak6, a member of the group B PAKs mediating neuronal survival and neurite outgrowth (Fig. 3E,K ; Civiero et al. 2015) . Both transcripts positively correlated with Tubb3, confirming postmitotic expression (Supplementary Fig. 1F ). Significant levels of Nrp1 and Nrp2, markers of POA derivatives (Zimmer et al. 2011) , were further confirmed by differential gene expression analysis (Fig. 3E) . Finally, striatal-fated neurons determined by significant Islet-1 levels (Isl1; Elshatory and Gan 2008) were collected in cluster VI (Fig. 3F,L) . Consistently, the POA is known to contribute to the striatal cell population (Marin et al. 2000) .
Taking these results together, the single-cell profiling strategy applied here discriminates between subsets of POA and MGE derivatives and reveals the expression profile of postmitotic POA cells.
PAK6 Promotes Neurite Outgrowth and Branching of Embryonic POA Cells
Postmitotic POA cells were characterized by significant expression of Pak6 (Figs 1B and 3E,K), which has been shown to promote neurite outgrowth and neurite complexity of cortical projection neurons (Civiero et al. 2015) . To determine whether PAK6 exerts a similar function in POA cells, we manipulated Pak6 expression in dissociated cells from embryonic POA tissue by siRNA or plasmid DNA transfection (see Supplementary Fig.  2A -D for the siRNA efficiency in Pak6 down-regulation and Pak6-GFP expression) and performed morphometric analysis. Compared with nonsilencing control siRNA, neurite numbers were significantly decreased and branching of the longest process was reduced by Pak6 siRNA treatment (Fig. 4A-C ). In contrast, neurite complexity was augmented after forced expression of Pak6 in dissociated POA cells ( Supplementary Fig. 2F-J) . These data suggest that Pak6 promotes neurite outgrowth and branching of POA-derived cells. A similar function has been described for PAK3 in postmigratory MGE-derived interneurons after reaching the cortex, while during migration Pak3 is repressed by Dlx1,2 (Cobos et al. 2007 ). The embryonic POA generates residual neurons populating the mantle region of the POA as well as migrating cells destined for long distance targets that were both included in our POA single-cell preparations. Hence, we assumed that the Pak6-expressing cells represent postmigratory POAfated neurons enrolled in rather late stages of maturation.
As we were interested in potential regulators of migration, we next focused on the expression profiles of the Pak6-negative POA cells. Of note, Pak6 showed a negative correlation with Dnmt1 expression (Supplementary Fig. 3A ) and a remarkable fraction of Pak6-expressing cells did not display detectable Dnmt1 transcript levels (Fig. 1B, Supplementary Fig. 3B ). Consistently, Dnmt1-positive cells (~38% of postmitotic POA cells including groups V and VI; n = 55 cells) displayed significantly reduced levels of Pak6 expression ( Supplementary  Fig. 3C ) and hence could represent migratory active immature GABAergic interneurons. DNMT1 is one of the main DNMTs in both the developing and mature brain, modifying gene expression during normal development, ageing, and disease (Johnson et al. 2012) . Thus, DNMT1 is an attractive candidate for orchestrating the transcriptional remodeling underlying POA-interneuron migration. 
DNMT1 is Expressed in Migratory Active Interneurons of the POA
To validate Dnmt1 expression in migrating POA-derived interneurons, we performed expression studies in tissue sections. Dnmt1 transcripts detected with in situ hybridization were most prominent in the proliferating zones of the entire subpallium (Fig. 4D ). In addition, DNMT1 was detected in immature cortical interneurons identified by calbindin immunostaining (Anderson et al. 1997; Faux et al. 2010) in the region of the embryonic POA and along the superficial migratory route, along which POA-derived interneurons migrate ( Fig. 4E,F ; Zimmer et al. 2011 ). DNMT1 expression in migratory cells was further supported by next-generation sequencing of individual POAderived cells that displayed different Dnmt1 expression levels in the NanoString analysis (Supplementary Fig. 3D-G) . Among genes that positively correlated with Dnmt1 transcript levels (R > 0.7), a significant enrichment of genes involved in cell motion was revealed by GO analysis (Supplementary Fig. 3F ). In turn, transcripts relevant for synaptic transmission, which is a feature of mature stages, negatively correlated with Dnmt1 expression (Supplementary Fig. 3G ). The genes included in the GO terms depicted in Supplementary Fig. 3F ,G are listed in Supplementary Table 3A,B.
Dnmt1 Deletion in Postmitotic POA Cells Selectively Diminished the Number of Cortical-Fated Derivatives
To confirm that DNMT1 is functionally relevant for the migration of POA-derived interneurons, we established a transgenic mouse model in which Dnmt1 is conditionally deleted target-specific siRNA (B) in dissociated E14 (+1 div) POA cells from C57BL/6 mice revealed a decreased mean number of neurites per cell and a reduced branching density of the longest process compared with control transfections (A) as quantified in (C) (n = 36 cells for control siRNA; n = 55 cells for Pak6 siRNA of 3 independent experiments; ***P < 0.001; Student's t-test). (D) In situ hybridization for Dnmt1 in E14 coronal brain sections showed prominent expression in the proliferative zones of the MGE,
LGE, and POA. (E, F) DNMT1 expression was detected in calbindin-positive migrating interneurons of the POA (E) and along the superficial migratory stream (F) in E14 coronal brain sections using antibodies directed against DNMT1 (red) and calbindin (green) (co-expression indicated by white arrowheads). DAPI nuclear staining is shown in blue. The regions presented in (E) and (F) are depicted by black squares in (D). (G-O) Dnmt1 deletion in postmitotic POA derivatives selectively reduces cortical interneuron numbers as reflected by the reduced density of tdTomato cells (G, H; 10 sections for wild-type and 7 sections for knockout mice; 3 brains per genotype; ***P = 0.00007; Student's t-test) and NPY-expressing tdTomato interneurons (I, J; 7 sections of 3 brains per genotype; *P = 0.013; Student's t-test) in the cerebral cortex LGE, lateral ganglionic eminence; SMS, superficial migratory stream. Scale bars: 500 µm in (D); 200 µm in (M, N) ; 50 µm in (E, F); 20 µm in (K, L); 10 µm in (A, B).
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in Hmx3-expressing cells (Hmx3-Cre/tdTomato/Dnmt1 loxP 2 mice).
In the embryonic telencephalon, Hmx3 is restricted to postmitotic derivatives of the POA, which contributes to residual cells populating the POA as well as to cortical interneurons and glial cells in addition to striatal-fated cells (Gelman et al. 2009 Fig. 4A-D) and by immunostaining of tissue sections (Supplementary Fig. 4E-G) . The phenotypic analysis of adult Hmx3-Cre/tdTomato/Dnmt1 loxP 2 mice revealed a selective reduction of cortical-fated tdTomato-positive cells over the entire anterior-posterior dimension of the cerebral cortex (Bregma 1.44-1.68), including motor, somatosensory, and visual cortical areas (Fig. 4G,H) . In contrast, the number of residual tdTomato cells populating the POA was not affected by Dnmt1 deletion (Bregma 0.12-0.36; Fig. 4M-O) . Further, we observed no changes in the number of tdTomato cells destined for other parts of the basal telencephalon (Supplementary Fig. 4H -P).
As reported by Gelman et al. (2009) , at adult stages a large proportion of cortical cells descending from the Hmx3 lineage are functionally homogeneous GABAergic interneurons, some of which express neuropeptide (NPY). According to our calculation, about 14% of the cortical tdTomato cells were positive for NPY in wild-type and Dnmt1-knockout mice, whereas the remaining GABAergic interneurons did not stain for any of the other typical interneuron markers, including calbindin, parvalbumin, calretinin, somatostatin, or vasoactive intestinal polypeptide (data not shown; Gelman et al. 2009 ). Similar to the reduction of tdTomato-positive cortical cells of 42.2%, the number of NPYexpressing tdTomato interneurons was decreased about 42.6% in the cortex of Dnmt1-deficient mice (Fig. 4I-L) . These data propose that postmitotic Dnmt1 deletion specifically reduced the fraction of POA cells that were destined for the cerebral cortex, including NPY-expressing cortical interneurons.
DNMT1 is Required for Proper Migration of POA-Derived Cortical Interneurons
To address whether DNMT1 orchestrates aspects of cortical interneuron migration, we next focused on embryonic day (E) 16, when a robust migration of immature cortical interneurons through the basal telencephalon takes place ( Fig. 5A ; Marin and Rubenstein 2001; Inan et al. 2012; Taniguchi et al. 2013 ) and first Hmx3-Cre/tdTomato cells reach the cortex (Fig. 5A,C) . In the developing cortex, the numbers and mean migration distances of E16 Dnmt1-deficient tdTomato cells were significantly diminished ( Fig. 5A-E) . Consistently, the fraction of migrating tdTomato cells was markedly decreased within the subpallium of E16 embryos (Fig. 5F-H) . The analysis of the migration distance revealed an accumulation of cells in close proximity to the POA, while the proportion of neurons migrating longer distances was significantly diminished in E16 Hmx3-Cre/tdTomato/ Dnmt1 loxP 2 mice compared with wild-type mice (Fig. 5H ).
These data show that postmitotic Dnmt1 deficiency leads to migration defects of cortical-fated POA-derived cells.
Dnmt1 Deficiency Reduced the Migratory Capacity by Causing Morphological Abnormalities
In order to elucidate how Dnmt1 deficiency impedes the migration of POA-derived cells, we first analyzed the morphology of migrating Hmx3-Cre/tdTomato/Dnmt1 loxP 2 and wild-type cells located in the subpallium of E16 brains. Typically, migrating interneurons displayed a polarized appearance with a prominent leading and a discrete trailing process (Fig. 6A , Supplementary Movie 1A,B, Supplementary Fig. 4Q ). In contrast to wild-type, many of the Hmx3-Cre/tdTomato/Dnmt1-deficient cells trapped within the basal telencephalon possessed a multipolar morphology as typical for differentiating cells and lost the typical migratory shape (Fig. 6B,D) . While the longest process of Hmx3-Cre/tdTomato/Dnmt1-deficient cells did not differ in length from wild-type, the remaining neurites were significantly extended, reaching on average >60% of the length of the main process (defined as the longest neurite; Fig. 6C ). Moreover, Dnmt1-deficient cells displayed strongly branched processes (Fig. 6B) . Consistently, live-cell imaging of E16 organotypic brain slices demonstrated that in contrast to wild-type cells, which showed stereotypic migratory performances (Fig. 6E,F 
DNMT1 Regulates Expression of Genes Relevant for
Stage-Specific Development, Neuronal Migration, and Cell Death DNMT1 is known to modify transcription by catalyzing DNA methylation but also independent of its DNA-methylating capacity (Clements et al. 2012 ). To reveal potential target genes that are regulated by DNMT1 during migration in POA derivatives, we performed RNA sequencing of FAC-sorted E16 Dnmt1-deficient and wild-type Hmx3-Cre/tdTomato cells dissected from the basal telencephalon followed by GO analysis of differentially expressed genes ( Supplementary Fig. 5A,B) . In wild-type cells, transcripts associated to GO terms referring to motility and neuronal migration were enriched (Supplementary Fig. 5C ; *cluster P value = 0.03612473; Fisher's exact test). In contrast, transcripts assigned to GO terms related to mature neuronal function, cell adhesion, and cytoskeleton organization were upregulated upon Dnmt1 deletion ( Supplementary Fig. 5B ). This indicates that DNMT1 affects interneuron migration by stagespecific transcriptional control of maturity and cytoskeletonrelated genes. Of note, expression of cell death-related genes was enriched in Dnmt1-deficient cells (Supplementary Fig. 5D ; ***cluster P value = 0.0001952968; Fisher's exact test), which is in line with the varicosities and fragmentation of Dnmt1-deficient cells indicative of neuronal death ( Supplementary Fig. 5E, Fig. 6D , and Supplementary Movie 2A). Accordingly, elevated rates of TUNELpositive Dnmt1-deficient tdTomato cells within the basal telencephalon were determined ( Supplementary Fig. 5F-H) , pointing to an elimination of the ectopic and precociously matured Dnmt1-deficient interneurons during the developmental time course. In support of this, we did not notice increased numbers of tdTomato cells within basal telencephalic regions in adults (Supplementary Fig. 4H-P) .
Taken together, these results demonstrate that postmitotic Dnmt1 deletion causes alterations in gene expression leading to reduced migratory capacities as well as death of POA-derived postmitotic cells.
DNMT1 Promotes Interneuron Migration and Survival by Regulating Pak6 Expression Level
A large proportion of Dnmt1-deficient cells displayed morphological abnormalities with numerous and highly branched neurites (Fig. 6A-D) , reminiscent of mature interneurons. PAK6 was shown to promote neurite outgrowth and branching of POA cells (Fig. 4A-C, Supplementary Fig. 2F -J) and its expression levels were reduced in embryonic Dnmt1-positive cells ( Supplementary  Fig. 3B,C) , characterized as migrating interneurons (Fig. 4E,F,  Supplementary Fig. 3F ). This points to a suppression of Pak6 by DNMT1 in migrating POA cells to prevent premature neuritogenesis and to maintain the migratory shape. In support of this, a significant gain in Pak6 expression was detected in mRNA preparations of FACS-enriched E16 Hmx3-Cre/tdTomato/Dnmt1-deficient cells compared with wild-type samples (Fig. 7A,B) . Moreover, the higher degree of neurite complexity of Dnmt1-deficient POA cells (Fig. 6A-C) was rescued by Pak6 siRNA treatment in vitro (Fig. 7C,D, Supplementary Fig. 6A-D) , indicating that the elevated Pak6 level accounts for the morphological impairments of migrating Dnmt1-deficient interneurons. Down-regulation of endogenous Pak6 level in POA cells in vitro by target-specific siRNA oligos (see Supplementary Fig. 2A -D for validation of knockdown efficiency) further reduced the proportion of TUNEL-positive cells, suggesting that the increase in Pak6 expression contributes to the gain in cell death after Dnmt1 deletion ( Supplementary Fig. 6E,F) . Consistently, the PAK family was frequently reported to modulate survival and apoptosis of various cell types (Luo et al. 2008; Zhao et al. 2011; Stankiewicz and Linseman 2014) .
Collectively, our findings indicate that DNMT1 suppresses Pak6 expression to maintain the immature state and shape as well as the survival of postmitotic POA-derived cells, thereby promoting their long-range migration to the cerebral cortex. migration distance of cells in the cortex from the lateral to medial cortical extension (n = 10 for wild-type; n = 8 for Dnmt1 knockout). (H) The fraction of migrating tdTomato cells was markedly decreased within the subpallium of E16 embryos from 16.5% ± 1.7% for wild-type (n = 12 sections from 3 brains) down to 8.9% ± 0.9% for Dnmt1-deficient cells (n = 10 sections from 3 brains; **P < 0.01; Student's t-test). For quantitative analysis of the migratory distances of tdTomato cells in the basal telencephalon, groups were defined as follows: cells with migration of <20% (black), between 20-40% (gray) and >40% (white) of the overall distance between the POA and the cortex (n = 10 for wild-type; n = 8 for Dnmt1 knockout). "n" refers to the number of sections from 3 animals per genotype. *P < 0.05; **P < 0.01; ***P < 0.001; Student's t-test. Scale bars: 200 µm in (C, D); 100 µm in (F, G).
A potential relevance of Pak6 for postmigratory developmental processes of cortical interneurons including neurite outgrowth and the adjustment of final interneuron number by influencing postnatal apoptotic events (Southwell et al. 2012 ) cannot be excluded, as Pak6 expression was detected in POA-derived tdTomato cells that had reached the cerebral cortex at perinatal stages ( Supplementary Fig. 5I ).
DNMT1 Regulates Pak6 Expression Either Indirectly or Independent of its DNA-Methylating Activity
The next set of experiments aimed to elucidate whether Pak6 expression is regulated directly by DNMT1-dependent DNA methylation of the Pak6 locus. To this end, MeDIP followed by DNA sequencing was performed. For this purpose, material of Figure 6 Dnmt1 deficiency causes morphological abnormalities and impairments of the migratory capacity. (A, B) Inverted microphotographs and drawings of representative tdTomato cells captured from the basal telencephalon of 300 µm vibratome sections of E16 Hmx3-Cre/tdTomato/Dnmt1 wild-type (A) and Hmx3-Cre/tdTomato/ Dnmt1 loxP 2 (B) embryos illustrate the morphological alterations induced by Dnmt1 deletion. These include a substantial increase in branching density of the longest neurite from 1.1 ± 0.1 branches per 50 µm for wild-type (n = 22 cells from 3 brains) to 2.1 ± 0.1 branches per 50 µm for Dnmt1-knockout cells (n = 36 cells from 3 brains; **P < 0.01; Student's t-test). (C) Quantification of the mean length of all neurites and of the relation of the mean neurite length to the extension of the longest process (LP) (n = 22 for wild-type; n = 41 for Dnmt1 knockout; 3 animals per genotype; **P < 0.01; Student's t-test). The LP did not differ in length between wild-type (64.5 ± 5.8 µm, n = 22) and Dnmt1-deficient cells (59.9 ± 3.03 µm, n = 36; from 3 brains per genotype; P = 0.55; Student's t-test). (D) Quantification of the percentage of tdTomato cells displaying a normal migratory morphology with a prominent leading and a trailing process located in the basal telencephalon of E16.5 Dnmt1-knockout and wild-type sections. Z-stacks of 300 µm vibratome sections were used for analysis (n = 97 cells for wild-type; n = 268 cells for Dnmt1 knockout; 3 animals per genotype; ***P < 0.01; Student's t-test). (E-H) Time-lapse recordings (E15+15 h) confirmed the morphological abnormalities and reduced migratory capacities of Dnmt1-deficient interneurons. The proportion of motile tdTomato cells captured in the basal telencephalon decreased from 54 ± 2.4% in wild-type mice to 27.5 ± 5.3% in the conditional Dnmt1-deficient mice (*P < 0.05; Student's t-test), resulting in a reduction of the overall mean migration speed calculated over all cells captured (including motile and nonmotile cells) from 2.2 ± 0.4 µm/h for wild-types down to 0.9 ± 0.2 µm/h measured for Hmx3-Cre/tdTomato/Dnmt1 loxP 2 cells (**P < 0. expression levels after Dnmt1 siRNA treatment compared with control siRNA oligos (Dnmt1 siRNA knockdown efficiency is illustrated in Supplementary Fig. 2E ), similar to the increase observed upon Dnmt1 deletion in embryonic Hmx3-Cre/tdTomato cells shown in (B). However, RG108 inhibitor treatment interfering with the DNAmethylating function of DNMT1 did not elicit an increase in Pak6 expression. ctrl, control; refers to control siRNA oligos (left) or 0.04% DMSO as control for inhibitor treatment (right) in (H), TSS, transcription start site; TES, transcription end site. *P < 0.05; **P < 0.01; ***P < 0.001; Student's t-test. Scale bar: 10 µm.
the same pools of FAC-sorted Hmx3-Cre/tdTomato/Dnmt1 wildtype and Dnmt1-deficient E16 cells was used, which were previously applied for RNA sequencing (Fig. 7A, B) . This allowed correlations of DNMT1-dependent changes in the methylation profile with transcriptional alterations. In general, the overall methylation level was reduced in Dnmt1-knockout cells compared with wild-types, confirming the canonical DNA-methylating action described for DNMT1 ( Supplementary Fig. 7A,B) . Genes that were significantly upregulated after Dnmt1 deletion, revealed diminished methylation levels in E16 Hmx3-Cre/tdTomato/Dnmt1-knockout cells compared with wild-types (Fig. 7E) . This confirms that DNA methylation can lead to silencing of transcription as described in the literature (Feng and Fan 2009 ). Gene ontology analysis of genes displaying sites with significantly decreased methylation in Dnmt1-deficient cells revealed an enrichment of genes associated with "cell adhesion, cell junction, synapse, cytoskeleton, plasma membrane, synapse part and cell projection" (Fig. 7F ). This suggests that DNMT1 modulates the expression of maturity associated genes via its canonical function in postmitotic Hmx3-Cre/tdTomato/Dnmt1 wild-type cells. However, the Pak6 locus did not reveal a significantly changed methylation profile in Dnmt1-knockout samples compared with wild-types (Fig. 7G) , suggesting that the regulation of expression occurs independently of DNMT1-mediated methylation of the Pak6 locus. For further analysis, we switched to the neuroblastoma (N2a) cell culture model displaying moderate endogeneous Pak6 and robust Dnmt1 expression. The N2a cells were transfected either with target-specific siRNA to reduce Dnmt1 expression (for validation of siRNA-mediated down-regulation of Dnmt1 see Supplementary Fig. 2E ) or treated with an inhibitor selectively blocking the DNA-methylating capacity of DNMT1 by interacting with the active site (RG108; Brueckner et al. 2005; Asgatay et al. 2014) . Quantitative assessment of Pak6 transcript level by qRT-PCR revealed that Pak6 expression was significantly elevated upon siRNA knockdown, but not after RG108 treatment (Fig. 7H) .
As our findings did not support direct control of Pak6 transcription via DNMT1-dependent DNA methylation, Pak6 expression could underly indirect transcriptional control by DNMT1 in migrating interneurons via methylation of genes encoding for transcription activators of Pak6. From all genes encoding for proteins with predicted binding sites for Pak6 (according to Ensembl genome browser), only Sin3a and Ets1 revealed significantly decreased methylation level in E16 Hmx3-Cre/tdTomato/ Dnmt1-knockout cells compared with wild-types. While for Sin3a an intronic region was affected, differential methylation was detected downstream of the Ets1 coding region in Dnmt1-deficient tdTomato cells ( Supplementary Fig. 7C-E) . However, the alterations in genomic methylation did not elicit significant changes in expression for both transcripts ( Supplementary Fig.  7C-E) . This proposes that the differentially methylated intronic and downstream sites have no regulatory function in transcriptional control. Consistently, Ets1 transcript level was found unchanged in N2a cells after RG108 treatment, which inhibits the DNA-methylating action of DNMT1 (Supplementary Fig. 7F ).
Together, these data indicate that the suppression of Pak6 by DNMT1 in migrating immature interneurons and the cell culture model occurs independently of methylating the Pak6 locus or regions encoding for upstream regulators of Pak6 and rather seems to be caused either indirectly via methylation of yet unknown Pak6 transcriptional activators or by noncanonical actions of DNMT1.
Discussion
Recent studies have highlighted the importance of postmitotic regulatory networks for cortical interneuron maturation and migration (Cobos et al. 2006; Bortone and Polleux 2009; De Marco Garcia et al. 2011; McKinsey et al. 2013; van den Berghe et al. 2013; Harwell et al. 2015; Mayer et al. 2015) . While miRNAmediated epigenetic regulation of postmitotic interneuron development has recently been reported (Tuncdemir et al. 2015) , the relevance of DNA methylation performed by DNMTs remains elusive. Here, we provide evidence that DNMT1 is involved in the maturation of POA-derived cortical interneurons, maintaining the polarized migratory morphology to enable long-range migration to the cerebral cortex.
Tangential migration of cortical interneurons from their site of origin within the subpallium to the respective cortical target regions has to be highly regulated to ensure proper interneuron numbers in adults. Thereby, various membrane-bound and secreted molecules as well as cell type-specific receptor combinations orchestrate the directionality (Antypa et al. 2011; Zimmer et al. 2011; Andrews et al. 2013) , while motogenic factors like EphA4 and hepatocyte growth factor/scatter factor drive the migration of interneuron precursors (Levitt et al. 2004; Steinecke et al. 2014) .
During migration, immature interneurons display a characteristic morphology with a highly motile and prominent leading process at the front of the soma and a trailing process at the rear Cooper 2013 ). This typical migratory shape, which differs clearly from the morphology of differentiating neurons as well as of dividing progenitors, has to be perpetuated until the migration of every individual interneuron precursor is accomplished and requires timed control over particular cytoskeletal rearrangements. Our findings suggest that DNA methylation-dependent and -independent activities of DNMT1 are involved in the regulation of cytoskeleton-associated gene expression in the context of this process. In support of this, aberrant DNA methylation of genes encoding for structural components or proteins that regulate cytoskeleton dynamics has already been observed in disease-relevant contexts (Hughes et al. 2014; Calmon et al. 2015) . Further, DNMT1 has already been described to be critical for the postmitotic maturation of other neuronal subtypes in vitro and in vivo (Kruman, et al. 2000; Fan et al. 2001; Hutnick et al. 2009; Chestnut et al. 2011; Rhee et al. 2012) , apart from its role in progenitors where DNMT1 shuts down pluripotency (Mohn and Schubeler 2009) .
First evidence for a potential role of DNMT1 in controlling the migration of POA-derived immature GABAergic interneurons arose from expression studies at single-cell level using a combination of NanoString-based analysis and next-generation sequencing. Although the NanoString technology is only suitable for targeted transcriptomics, this simple, fast, and highly reproducible approach provides high sensitivity comparable to real-time PCR (Geiss et al. 2008) . By exploiting this platform for analysis of single-cell cDNA libraries that were generated following a modified protocol for limited reverse transcription to avoid amplification induced shifts in transcript representation, we were able to quantitatively detected even low abundant transcripts. This is critical as for many genes associated with the regulatory machinery transcript copies are often limited to some dozens (Zhong et al. 2008; Zhu et al. 2008) . For human cells, about 85% of all transcripts were reported to display copy numbers of <100 (Bengtsson et al. 2008; Zhu et al. 2008; White et al. 2011) .
Even with a comparatively limited set of genes (96) a valid discrimination and characterization of transcriptomic profiles from different cellular subsets deriving from the POA and MGE domains was obtained by NanoString-based analysis combined with unsupervised cell and gene clustering. This was controlled by alignments of obtained cell cluster with the source of preparation as well as by the integration of postmitotic Hmx3-Cre/ tdTomato cells. Further, NanoString analysis and global transcriptome studies applying next-generation sequencing of exemplary POA-derived cells revealed similar cell cluster formation (Fig. 2E, Supplementary Fig. 3D) . Moreover, numerous genes with significant impact on the cluster formation applying NanoString were also among the relevant genes determining cell cluster formation according to the whole transcriptome analysis of single cells with next-generation sequencing ( Supplementary Fig. 3E ). The combination of both, NanoString and deep sequencing, provided precious insights into a subtype-specific Dnmt1 expression in migratory POA neurons and potential regulatory pathways based on the negative correlation of Dnmt1 and Pak6 expression.
Detailed characterization of conditional Dnmt1-knockout mice in combination with functional in vitro assays proposed that DNMT1 maintains the polarized morphology of POAderived migrating interneurons destined for the cerebral cortex. While cortical-fated Hmx3-Cre/tdTomato cells including NPYexpressing cortical interneurons were reduced at adult stages, numbers of cells fated for the POA or other regions of the basal telencephalon were not affected by postmitotic DNMT1 deletion. The POA, alike the MGE, generates PDGFRα-expressing oligodendrocyte precursors from Nkx2-1 expressing progenitors at early stages (E11.5-E12.5), in addition to cortical interneurons (Kessaris et al. 2006; Gelman et al. 2009 ). Consistently, we observed only a low percentage of PDGFRα and Hmx3-Cre/ tdTomato-positive cells migrating through the basal telencephalon at E16.5 (<10%, unpublished observations). Furthermore, except for 4 cells, the postmitotic POA-derived cluster V and VI cells expressed Gad1 or Gad2 in addition to Tubb3 in the Nanostring analysis, suggesting that the majority of migrating cells analyzed in this study displayed interneuron identity. However, we cannot exclude the importance of DNMT1 for the migration of POA-derived interneurons fated for extra-cortical destinations as well as for migrating glial cells.
We provided evidence that DNMT1 maintains the migratory shape by repressing Pak6, which in turn promotes neurite outgrowth and branching of postmigratory POA cells, similar to its function in cortical projection neurons (Civiero et al. 2015) . PAK6 belongs to the family of PAKs, well-known effector proteins for the Rho GTPases Rac and Cdc42 that play an important role in cytoskeletal organization affecting cell shape, motility, and adhesion (Rane and Minden 2014) .
Increased Pak6 expression in Dnmt1-deficient FAC-sorted cells as well as the divergent expression of Pak6 and Dnmt1 at the single-cell level point to a direct or indirect repression of Pak6 by DNMT1 in migratory active POA-derived GABAergic cells in order to prevent precocious maturation and to preserve the migratory shape. A similar negative regulation of neurite outgrowth through Dlx1,2-mediated repression of Pak3 has been reported for migrating MGE-derived interneurons (Cobos et al. 2007 ). Overexpression of Pak3, a group A PAK not normally expressed in migrating MGE cells, arrests MGE interneuron migration. Once cortical interneurons reach the cortex and start to establish axons and dendrites, Pak3 expression is elevated (Cobos et al. 2007 ). These earlier findings and our present data suggest that PAKs are critical for postmigratory differentiation including the formation of axonal and dendritic growth and arborization. In support of this, our data indicate a role for PAK6 in branch formation and/or maintenance in addition to neurite outgrowth in POA cells. Consistently, Dnmt1-deficient migrating Hmx3-Cre/tdTomato cells, which displayed elevated Pak6 levels, exhibited aberrant proximal branching that was reversed by siRNA-mediated Pak6 silencing. The atypical branching of migrating Dnmt1-deficient POA-derived cells is reminiscent of the abnormal dendritic arborization and morphologies caused by Dnmt1 deletion in cortical projection and retinal neurons (Hutnick et al. 2009; Rhee et al. 2012 ). Hence, DNMT1-mediated regulation of cytoskeleton-associated genes during postmitotic development could represent a general mechanism that might also be relevant in other neuronal subtypes.
The DNMT1-dependent regulation of neuronal survival as we observed in our study is consistent with observations of others (Hutnick et al. 2009; Chestnut et al. 2011; Rhee et al. 2012) . Our data propose that the increased Pak6 transcription caused by Dnmt1 deletion is at least partly promoting cell death of Dnmt1-deficient embryonic Hmx3-Cre/tdTomato cells. Rac GTPase and their downstream effectors, the PAKs, are wellknown modulators of survival and apoptosis of neurons and other cell types. Thereby, survival promoting (reviewed in Thomas et al. 2000) as well as apoptosis-inducing effects were reported (Chuang et al. 1997; Bazenet et al. 1998; Luo et al. 2008) . Our study suggests a DNMT1-mediated suppression of Pak6 during migration of cortical-fated cells including cortical interneurons, while upon reaching the cortex Pak6 expression is up-regulated. Hence, in addition to the postmigratory morphological maturation, PAK6 could be involved in regulating the apoptotic events that were described to adjust final cortical interneuron numbers at postnatal stages (Southwell et al. 2012) .
Our data point to a modulation of Pak6 expression by DNMT1, which seems independent of its canonical regulation of gene expression by genomic methylation of the Pak6 locus or potential regulators with predicted binding sites for Pak6. In addition to their catalytic activity, DNMTs were described to exert transcriptional control through crosstalks with histone modifications (Cedar and Bergman 2009; Clements et al. 2012) . Evidence for interactions with histone modifying enzymes as well as for participation of DNMTs in repressor complexes was described (Fuks et al. 2000; Robertson et al. 2000; Rountree et al. 2000; Vire et al. 2006 ). DNMT1 in particular was reported to affect gene expression by altering histone methylation marks during dendate gyrus development (Noguchi et al. 2016) . Hence, it is conceivable that changes in the Pak6 expression level could be a consequence of DNMT1-dependent modulation of histone marks.
Supplementary Material
Supplementary material can be found at: http://www.cercor. oxfordjournals.org/.
Funding
The Deutsche Forschungsgemeinschaft, Germany (DFG; ZI 1224/4-1), the Else-Kröner Fresenius Stiftung, and the Centre for Nanoscale Microscopy and Molecular Physiology of the Brain, Goettingen.
